INTRODUCTION
Udimet-500 is a wrought nickel-base superalloy extensively used in gas turbines.
The use of these engines at increasingly higher temperatures and for longer service requires a more detailed knowledge of the evolution of mechanical properties and, in turn, of microstructures under service conditions. In this study the microstructure of Udimet-500 was investigated by optical microscopy, transmission electron microscopy of replicas or thin foils, and electron diffraction. The heat treatments studied were (1) Holding at 1175 C or 1050 for various lengths of time and cooling at different rates (2) Aging at 760 C or 840 C after a ones-or twostage heat treatment at higher temperatures
(3) Exposure up to 5000 hours at 700-950 C after a three-or four-stage heat treatment (4) Exposure up to 10,000 hours at 700-1000 C with different stress levels at each temperature after a three-or four-stage heat treatment.
The composition of the 5/8-inch bars of the alloys used in this study is given in Table 1 .
Udimet-500 alloy is normally subjected to a three-and fourstage heat treatment.
The three-stage heat treatment aims at producing the maximum high-temperature properties in forged material and consists of a solution treatment and a double aging as follows: T e fee carbides with a lattice parameter approximately three times that of the matrix are in epitaxial relationship with the latter ( Figure  14 ). Specimens subjected, after the two-stage solution treatment, to the two-stage aging treatment exhibit a g' particle size of 350-1650 A. It is apparent that, during the 760 C aging, small &' particles have precipitated. In this case also, M23C6 carbides form at grain boundaries in epitaxy with the matrix.
PROLONGED AGING REACTIONS

Three-Stage Heat Treatment
Specimens subjected to the three-stage heat treatment were exposed for up to 5,000 hours at temperatures from 700 to 950 C. The hardness variation during the prolonged treatment is reproduced in Figure  15 . At 700 C no structural modification is apparent, even for the longest time considered. As shown in Figure  19 the particle size is 350-1700 A, i.e., the same as after the initial heat treatment.
For the longer aging time the grain boundaries become more readily etched because of the increase in the amount of precipitated carbides.' As the temperature increases the precipitation reactions become more pronounced. The -r' precipitates become visible on the optical micrographs, whereas the grain-boundary reactions results in their depletion ofr '.
The $' particles reach a size of 1800-14,000 A after 100 hours at 950 C and of 7,000-18,000.A after 5,000 hours at this temperature. Figure 20 shows that the large g"' particles have lost their spherical shape.
They still have the same lattice parameter and remain apparently coherent.
Along with the larger r' particles, much smaller particles (50-150 A) are visible*, which precipitated during the cooling from the aging temperature.
M23C6 carbides have coarsened at the grain boundaries and also within the grains.
Four-Stage Heat Treatment
Specimens subjected to the four-stage heat treatment were submitted to the same prolonged aging reactions as above. Figure 21 reproduces the variationof hardness after the aging treatments.
Figures
22, 23, and 24 shows the micro-structures of the alloy after 100, 1,000, and 5,000 hours, respectively, at different temperatures.
In all series of specimens the grain size is ASTM 2-3 instead of ASTM 4-5 as after the three-stage treatment.
In these specimens the precipitation pattern is similar to that observed for the specimens subjected to the three-stage heat treatment. The microstructures obtained of the specimens aged at 700 C are shown in Figure 26 .
There is a slight tendency for the grain boundaries to widen as the stress level increases. Figure 27 shows thin-foil transmission electron micrographs of the specimen stressed with 7 kg/mm2. The I' particles remained at practically the same size (500-1750 A) as before the stress-aging treatment.
The grainboundary carbides are in epitaxy with the matrix. Dislocation networks showed that they have crossed the d ' particles.
The effect of this treatment on the room-temperature properties is shown in Table 3 . Increasing the stress had no appreciable effect on the room-temperature tensile properties except for a decrease in elongation for the alloy that was creep tested at 850 C.
The effect of aging treatment under stress at 850 C on the microstructures is shown in Figure 28 . Compared with the microstructure obtained without stress ( Figure  17) , the grain boundary appears to be wider.
The difference between the reduced-section and that of the head of the specimen is only slight.
The $' particles have reached a size of about 5,000 A as shown in Figure 29 .
Comparing the results obtained without stress, it is apparent that coarsening of the 8' particles is due only to the temperature. The grain boundaries were shown to consist of discontinuoue %3C6 particles surrounded by&". A similar result was observed in optical micrographs of specimens exposed for 1,000 hours at 950 C ( Figure  17 ).
The room-temperature tensile strength (Table 3) is lower after exposure for 1000 hours at 850 C under stress than after exposure under similar conditions at 700 C.
Four-Stage
Heat Treatments
Specimens were subjected first to the four-stage heat treatment and then creep-rupture tested at temperature between 650 and 1,000 C and at stresses between 6 and 60 kg/mm2. Rupture time varied, depending on the stress and temperature, from a few hours to about 10,000 hours.
Examination
of the reduced section and of the head of the ruptured specimens revealed that the &' particle size was dependent only on temperature and rupture time. This confirmed the findings (reported in the previous section) concerning the specimens subjected to the three-stage heat treatment. Figure 30 shows the relative increase in ?' particle size as a function of creep-rupture time for different temperatures.
The grain-boundary reactions were assessed by their thickness as measured on optical micrographs obtained on similarly etched specimens.
It was shown clearly that the carbide reactions were influenced largely by the stress conditions. Figure 31 illustrates the relative increase in grain-boundary thickness for the tests at 850, 900, and 950 c.
The precise knowledge of the structural evolution of the alloy may prove useful in assessing the stress and temperature in a turbine blade when its actual time in service is known.
DISCUSSION OF THE RESULTS
For all the treatments considered in this study, the only phases identified were 6' or Ni3(A1, Ti), MC carbides, and C carbides.
T 5 e observations are in-agreement with those and Beattie. 'ts of 9 2gh However, no evidence was fou d for the presence of a fee X phase, reported by Paliy)and Kaufmann If3) to precipitate in the grains.
Hagel and Beattie have also observed the presence of sigma phase in a double-aged Udimet-500 alloy that was creep tested for 5,000 hours at 1350 F (732 C).
In this study, no evidence was obtained of the presence of sigma phase either in the specimens creep tested for 1,000 hours or in the specimens aged for 5,000 hours. This behavior is in agreement with predictions from electron-vacancy calculations(4), according to which Udimet-500 should not be considered as a sigma-prone alloy. The solution treatment at 1080 C, practiced alone, results in a smaller grain size (ASTM 4-5) which is desirable when a high fatigue resistance is required.
The double-aging treatment gives rise to an optimum volume fraction of r' and particle sizes ranging from 350 to 1700 A.
Udimet-500 first subjected to a three-or four-stage heat treatment and then exposed for periods up to 10,000 hours, without stress or under stress, and at various temperatures does not form any compounds in addition to those formed during the initial heat treatment. Temperature affects both the increase in &" size and the grain-boundary reactions, whereas stress appears to affect only the increase in grainboundary thickness.
Grain-boundary recations are more pronounced in the alloy initially subjected to the four-stage treatment, which results in a larger grain size. Gamma prime particles are initially spherical and, as the size increases, become cubic. Up to a particle size of 18,000 A the C' particles maintain practically the same lattice parameter and remain coherent with the matrix.
The fee M23C6 carbide often is observed to grow at grain boundaries or within the grains in epitaxy with the matrix. Its lattice parameter is three times that of the solid solution.
In many instances the grain boundaries where carbides have precipitated are surrounded with a & '-depleted matrix. Also M23C6 carbides appear to be surrounded with a J$' phase (see Figure 24 ). As discussed by S@$, chromium diffuses to the boundaries in order to form M23C6 carbide. In the chromium-depleted zones the solubility of r' increases, or the concentration of nickel and aluminum increases, and a continuous r' phase surrounding the carbides is formed. The grain-boundary reactions are enchanced by temperature, time at temperature, and stress level. The knowledge of the evolution of r ' size and grain-boundary thickness as a function of temperature, stress, and time permits the determination of the service conditions of a turbine component when its operation time is known.
Prolonged
aging without stress or under stress of Udimet-500 subjected to a three-or four-stage heat treatment does not adversely influence the room-temperature elongation. At low temperature (n/700 C) a strengthening effect and a slight decrease in elongation were observed. Stress appears also to have only a small effect on room-temperature properties.
The effect of stress becomes more appreciable as the creep temperature increases.
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